
AD 

Award Number: DAMD17-96-1-6206 

TITLE: Acquired Secondary Events in the Pathogenesis of 
Hereditary Breast Cancer 

PRINCIPAL INVESTIGATOR: Gail E. Tomlinson, M.D., Ph.D. 

CONTRACTING ORGANIZATION: The University of Texas Southwestern 
Medical Center at Dallas 

Dallas, Texas  75235-9105 

REPORT DATE: September 1999 

TYPE OF REPORT: Final 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
.Fort Detrick, Maryland 21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated by other documentation. 

mm tWALITY IHSBESSED 4 20001120 172 



REPORT DOCUMENTATION PAGE Form Approved 

OMB No. 0704-0188 

sourc« 
Jtofthfc 
Jefftfso 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
September 1999 

4. TITLE AND SUBTITLE 

Acquired Secondary Events in the Pathogenensis of 
Hereditary Breast Cancer 

3. REPORT TYPE AND DATES COVERED 
Final   (1 Sep  96  -  31 Auq  99) 

6. AUTHOR(S) 
Gail E. Tomlinson, M.D. Ph.D. 

7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)  

The University of Texas Southwestern Medical Center at Dallas 
Dallas, Texas 75235-9105 

E-Mail: tomliiison@simmons.swmed.edu 

9. SPONSORING/MONITORING AGENCY NAME{S> AND ADDRFSS(ES)   
Commander 
U.S.  Army Medical Research and Materiel Command 
Fort  Detrick,   Frederick,   Maryland    21702-5012' 

11. SUPPLEMENTARY NOTES 

5. FUNDING NUMBERS 
DAMD17-96-1-6206 

8.   PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

12a. DISTRIBUTION / AVAILABILITY STATEMENT ~ ■"   '   ■   '■■' 

Approved for public release;   distribution unlimited 

13. ABSTRACT (Maximum 20&~ 

12b. DISTRIBUTION CODE 

The inheritance of a germ-line mutation of the BRCA1 or BRCA2 gene, although associated with a markedly 
increased incidence of breast cancer, is not solely responsible for the development of breast cancer in predisposed 
women and multiple other acquired steps appear to be required for the development of breast tumors in 
predisposed women. It is possible that women with predisposing mutations are at increased risk of cancer 
because they acquire secondary genetic events at a faster rate than non-predisposed women and that the 
accumulation of genetic events leads to tumor formation. Increasing evidence suggests that BRCA1 plays a role 
in DNA repair which adds support to this premise. This study has involved elucidating the pathways by which 
women with predisposing mutations acquire secondary genetic events. In this study, we have identified a number 
of women with BRCA1 mutations in which we have obtained tumors suitable for study. We have studied 
characteristic histologies of their tumor types. We have developed new assays for quantitating the predisposition 
to the accumulation of acquired genetic changes. 

14. SUBJECT TERMS Breast cancer 

BRCA1i    TP53 
Genetic Predisposition 

Molecular Pathology 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 
NSN 7640-01-280-6500 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

16. NUMBER OF PAGES 

34 
16. PRICE CODE 

20. LIMITATION OF ABSTR/ 

Unlimited 
Standard Form 298 (Rev. 2-89 
5r«crtb*d by ANSI Std. 239-18 

98-102 



FOREWORD 

Opinions, interpretations, conclusions and recommendations are 
those of the author and are not necessarily endorsed by the U.S. 
Army. 

\/   Where copyrighted material is quoted, permission has been 
obtained to use such material. 

s/   Where material from documents designated for limited 
distribution is quoted, permission has been obtained to use the 
material. 

x/ Citations of commercial organizations and trade names in this 
report do not constitute an official Department of Army 
endorsement or approval of the products or services of these 
organizations. 

N/A In conducting research using animals, the investigator(s) 
adhered to the "Guide for the Care and Use of Laboratory 
Animals," prepared by the Committee on Care and use of Laboratory 
Animals of the Institute of Laboratory Resources, national 
Research Council (NIH Publication No. 86-23, Revised 1985). 

X For the protection of human subjects, the investigator(s) 
adhered to policies of applicable Federal Law 45 CFR 46. 

N/A In conducting research utilizing recombinant DNA technology, 
the investigator(s) adhered to current guidelines promulgated by 
the National Institutes of Health. 

N/A In the conduct of research utilizing recombinant DNA, the 
investigator(s) adhered to the NIH Guidelines for Research 
Involving Recombinant DNA Molecules. 

N/A In the conduct of research involving hazardous organisms, the 
investigator(s) adhered to the CDC-NIH Guide for Biosafety in 
Microbiological and Biomedical Laboratories. 

Signature Date 



FINAL REPORT 

DAMD17 96 -1 - 6026 

Acquired Secondary Events in the Pathogenesis 

Of Hereditary Breast Cancer 

Table of Contents 

Foreword 

Introduction 2 

Body of Report 2 

Conclusion 5 

Publications 7 

References 8 

APPENDIX: 
Reprints (3) 



DAMD17-96-1-6206 Gail E. Tomlinson, M.D.,Ph.D 

INTRODUCTION: 

Mutation of the BRCA1 or BRCA2 gene accounts for most familial breast 

cancers. The inheritance of a germ-line mutation of the BRCA1 or BRCA2 gene, 
although associated with a markedly increased incidence of breast cancer, is not solely 
responsible for the development of breast cancer in predisposed women and multiple 
other acquired steps appear to be required for the development of breast tumors in 
predisposed women. It is possible that women with predisposing mutations are at 
increased risk of cancer because they acquire secondary genetic events at a faster rate 
than non-predisposed women and that the accumulation of genetic events leads to tumor 
formation. Increasing evidence suggests that BRCA1 plays a role in DNA repair which 
adds support to this premise. This study has involved elucidating the pathways by which 
women with predisposing mutations acquire secondary genetic events. In this study, we 
have identified a number of women with BRCA1 mutations in which we have obtained 
tumors suitable for study. We have studied characteristic histologies of their tumor types. 
We have developed new assays for quantitating the predisposition to the accumulation of 
acquired genetic changes. 

BODY: 

Task 1: Ascertain patients and tumors tissues for proposed study. 

All patient materials utilized for the studies proposed derived from the UT 
Southwestern Familial Breast Cancer Registry directed by the Principal Investigator. For 
each family or individual enrolled we have calculated the probability of carrying a BRCA 
mutation by several different algorithms (1-4). Individuals who have a predicted risk of 
BRCA mutation of 30% or more undergo mutation screening by methods of SSCP and 
sequence analysis as previously described. In doing so we have ascertained a cohort of 
mutation carriers sufficient for carrying out the Aims of this study. In the Table below 
lists mutation carriers determined as a part of our efforts: 

Participant Gender Race Specific Mutation 
Number 

BC73-000 F C BRCAl-2575-delC 
BC92-000 F C BRCA1-3549-T 
BC92-999 F C BRCA1-3549-T 
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BC98-001 F C BRCAl-185delAG 
BC98-002 M C BRCAl-185delAG 
BC110-001 F c BRCAl-3450del4 
BC113-000 F c BRCAl-185delAG 
BC129-000 F c BRCAl-185delAG 
BC129-900 F c BRCAl-185delAG 
BC130-001 F c BRCAl-3600delll 
BC 130-000 F c BRCAl-3600delll 
BC131-982 F c BRCAl-3888delGA 
BC131-000 F c BRCAl-3888delGA 
BC131-003 F c BRCAl-3888delGA 
BC 132-000 F c BRCAl-185insA 
BC211-000 F c BRCAl-int6spl 
BC215-000 F c BRCAl-3875del4 
BC260-000 F c BRCAl-5382insC 
BC260-002 F c BRCAl-5382insC 
BC260-001 F c BRCAl-5382insC 
BC294-000 F c BRCAl-185insA 
BC403-004 F c BRCAl-185delAG 
BC403-001 F c BRCAl-185delAG 
BC412-000 F c BRCAl-185delAG 
BC516-000 F c BRCAl-185delAG 
BC517-000 M c BRCAl-185delAG 
BC530-000 F c BRCAl-185delAG 
BC541-000 F c BRCAl-2798del4 
BC541-100 F c BRCAl-2798del4 
BC541-901 F c BRCAl-2798del4 
BC565-000 F c BRCA2-6985delCT 
BC565-100 F c BRCA2-6985delCT 
BC581-002 M B BRCAl-1623del5 
BC581-000 F B BRCAl-1623del5 
BC581-901 F B BRCAl-1623del5 
BC593-000 F C BRCAl-exlltranc 
BC594-000 F C BRCA2-2041insA 
BC617-000 F B BRCAl-943inslO 
BC641-000 F C BRCAl-inv4-lG->T 
BC694-000 F C BRCA2-6503delTT 
BC727-000 F C BRCA2-4075delGT 
BC746-000 F C BRCA2-Y1655X 
BC750-100 F C BRCA2-8525delC 
BC751-000 M C BRCA2-6051delA 

Seven of the above patients have had more than one tumor. Verification of tumor 
status by pathology report has been obtained on all patients and archival tissue obtained 
on 30 tumors. 
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Task 2: Delineate histologic features of malignant and non-malignant tissues. 

We have determined the histologic subtype of the tumor types developed in our 
mutation carriers. Examination of the surrounding normal tissue revealed surprising little 

distinguishing characteristics. Seventy percent of tumors (N=28) demonstrated 
intraductal carcinomas, with no distinguishing characteristics other than young age of 
onset and a higher proportion of estrogen receptor negative status (75%). Fifteen percent 
of tumors (n = 6) were medullary carcinomas and ten percent were (n=4) were lobular. 
One was a carcinoma with secretory features and one case was a papillary carcinoma. 
Five percent of tumors examined had elements of atypia in surrounding normal tissue. 
Fifteen percent of specimens demonstrated marked hyperplasia of breast epithelium. 

Task 3: Allelotyping of familial breast tumors. 

We have carried out extensive allelotyping studies to characterize tumors from 
predisposed individuals. Our most interesting cases have been published separately (5- 
8). The most consistent pattern of allele loss was seen on chromosome 3p in that over 
90% of tumors allelotyped showed a loss of alleles in this region, which was higher than 
that seen in a meta-analysis LOH patterns in sporadic breast tumor. (Minna lab, 
unpublished). 

Since the initiation of the project, it has become increasingly evident that the 
BRCA1 gene plays a major role in maintaining genomic stability. In addition to 
allelotyping we have developed a new means of measuring the inherent tendency for 
BRCA1 mutation carriers to accumulate genetic losses throughout the genome. This has 
been done in collaboration with Dr. Xifeng Wu in the Department of Epidemiology at the 
Univ. Texas M.D. Anderson Cancer Center. Because the role of BRCA1 in maintaining 
genomic instability was unknown at the time that this proposal was formulated, we did 
not specify the development of such an assay, however the development of this assay has 
been an extension of the aims of this study as well as a more insightful means of studying 
acquired genetic changes in inherited breast cancer. The concept behind the development 
of this assay is that women who carry a mutation of BRCA1 or BRCA2 may be more 
likely to acquire chromosomal breaks leading to loss of heterozygosity and loss of 
chromosomal material. Women prone to develop breast cancer because of a familial 
predisposition in BRCA1 or BRCA2 who are deficient in DNA repair may acquire genetic 
changes at a faster rate than women without a predisposing mutation. 

We have preliminarily observed a difference in the mean number of chromosomal 
breaks per normal cells in women with BRCA1 mutations compared to controls. This 

findings are statistically significant (0.625 breaks per cell in mutation carriers vs 0.47 
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breaks per cell in controls, p < 0.05). A manuscript reporting these findings is in 
preparation. We are now in the process of correlating these findings with the number of 
breaks in breast epithelial tissue as well as tumor tissues. 

In one very special tumor, we had viable tumor cells available which was 

developed into a cell line as part of a close collaboration with a DAMD sponsored 

program to create a repository of breast cancer cell lines. (DAMD 17 94-J-0477) This 
cell line, HCC1937, shows extensive secondary chromosomal changes as outlined in 
detail in the attached reprint. This cell line, HCC1937, developed and characterized by 
two collaborative DAMD projects, has been utilized extensively in the breast cancer field 
to elucidate the function of BRCA1 (9-17) and will undoubtedly continue to be 
recognized as an important contribution to breast cancer research. 

We have allelotyped a subset of our 30 tumors for which we have archival tissues. 
Examples of two extensively allelotyped tumors is shown in the figure, (page 6) 

Task 4: 

We have taken several steps in order to determine the timing with regards to 
tumor development as well as the extent of loss of the wild-type predisposition allele. On 
breast tumors in which losses on chromosome 3p and 17q are noted, we have seen a loss 
using 3pl4 markers in one of seven informative tumors studied. We have not noted any 
losses on chromosome 17q in normal breast tissues. 

We plan to follow up on our findings outlined above of increased chromosomal 
breaks in normal tissues of germ-line mutation carriers with a study of cultured breast 
epithelial cells derived from mutation carriers in which we have measured the sensitivity 
to radiation. We will perform FISH analysis of chromosome 3p and 17q to determine if 
these genomic areas demonstrate losses even at low levels. 

(Task 5: Omitted as a result of initial peer review recommendation.) 

CONCLUSION: 
We have identified that in familial breast cancer caused by mutation of the 

BRCA1 gene that acquired losses occur at high frequency. We found a very high 
fractional allele loss compared to other breast tumors. In the only report to date of a 
complete chromosomal karyotype of a BRCA1 associated breast tumor (ref 5, reprint 
attached) we have also shown a high degree of chromosomal aneuploidy. We have 
characterized acquired genetic changes in this unique cell line. 

We have taken steps to develop new assays for chromosome instability and the 

tendancy to acquire genetic losses in normal tissues form BRCA mutation carriers. 
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Figure.   Representative genotyping for loss of heterozygosity in tumor tissues. Detailed 
allelotyping analysis data of two tumors (TA and TB) using 161 microsatellite markers 
located on 19 chromosomal arms. Clear boxes indicate no loss of alleles. Filled boxes 

indicate that marker was non-informative. Half-filled boxes indicate loss of 

heterozygosity observed. (Figure from Wistuba et al, in press.) 
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Abstract 

A tumor cell line, HCC1937, was established from a primary breast 
carcinoma from a 24-year-old patient with a germ-line BRCA1 mutation. 
A corresponding B-lymphoblastoid cell line was established from the 
patient's peripheral blood lymphocytes. BRCA1 analysis revealed that the 
tumor cell line is homozygous for the BRCA1 5382insC mutation, whereas 
the patient's lymphocyte DNA is heterozygous for the same mutation, as 
are at least two other family members' lymphocyte DNA. The tumor cell 
line is marked by multiple additional genetic changes including a high 
degree of aneuploidy, an acquired mutation of TP53 with wild-type allele 
loss, an acquired homozygous deletion of the PTEN gene, and loss of 
heterozygosity at multiple loci known to be involved in the pathogenesis of 
breast cancer. Comparison of the primary tumor with the cell line re- 
vealed the same BRCA1 mutation and an identical pattern of allele loss at 
multiple loci, indicating that the cell line had maintained many of the 
properties of the original tumor. This breast tumor-derived cell line may 
provide a useful model system for the study of familial breast cancer 
pathogenesis and for elucidating BRCA1 function and localization. 

Introduction 

Mutation of the BRCA1 gene accounts for most families with an 
inherited predisposition to breast and ovarian cancer, approximately 
one-half of families with multiple cases of breast cancer only, and 
—8-10% of women with early-onset breast cancer unselected for 
family history (1-3). These observations suggest that inherited 
BRCA1 mutations may account for —8,000-10,000 new cases of 
breast cancer in the United States each year. The inheritance of a 
germ-line mutation of the BRCA1 gene, although associated with a 
markedly increased incidence of breast cancer, is not solely respon- 
sible for the development of breast cancer in predisposed women. 
Multiple somatic genetic changes appear to be required in addition for 

the development of breast tumors in predisposed women (4). 
Although the function of the BRCA1 protein is not yet clearly 

determined, evidence suggests that BRCA1 may play a role in DNA 
repair, function as a transcription factor, or possibly exist as a secreted 
granin-like molecule (5-7). If BRCA1 functions in DNA repair, then 
one would expect an accelerated accumulation of other genetic aber- 
rations in tumors derived from BRCA1 mutation carriers. Controversy 
exists as to the cellular localization of BRCA1, either in the nucleus 
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or cytoplasm, or both, according to different stages of the cell cycle 
and exposures to DNA-damaging agents. Some of the difficulties in 
determining the cellular localization and potential functions of 
BRCA1 are due to lack of evidence supporting antibody specificity. 
However, a major problem also has been the lack of available BRCA1 

null cell lines to facilitate research studies in this area. 
Somatic mutation of the BRCA1 gene is not thought to occur in 

sporadic breast tumors, although mislocalization of BRCA1 protein 
has been reported in sporadic breast tumors (8,9). Although a number 
of breast cancer cell lines have been established, no breast cancer cell 
lines have been reported to date that derive from a heterozygous 
BRCA1 mutation carrier. The establishment of such a cell line would 
provide another method to study tumor growth regulation conferred 
by BRCA1 and could also conceivably serve as a substrate for genetic 
transfection studies. Reported here is the establishment and charac- 

terization of a breast cancer cell line homozygous for a germ-line- 
inactivating BRCA1 mutation. 

Materials and Methods 

Patient Material. The patient was a 24-year-old woman with a nonmeta- 
static infiltrating ductal carcinoma of the breast. She had had one child 
previously at the age of 22. Her identical triplet sister had developed breast 
cancer the previous year at the age of 23. The third identical triplet had a 
bilateral prophylactic mastectomy at age 24. The patient's mother was reported 
to have had cancer of the uterine cervix at the age of 22. Both maternal 
grandparents had died of colon cancer in their sixties. The family is Caucasian 
and not of known Ashkenazi descent. A pedigree of the family is shown in Fig. 
1. After obtaining informed consent for genetic studies, blood and tumor tissue 
were obtained from the patient and blood from her mother and two sisters. No 
adjuvant chemotherapy or radiation had been given prior to collection of tumor 
material. 

Tumor Cell Culture Establishment. The patient from whom the breast 
tumor cell line was derived underwent a mastectomy with gross resection of 
the primary tumor. A portion of the primary tumor tissue was placed in RPMI 
1640 with 5% fetal bovine serum and antibiotics immediately after surgical 
removal. Tumor tissue was minced and scraped to release tumor cells into the 
medium. Cells were cultured in T-25 flasks at 37°C with 5% C02. Medium 
was changed weekly, and cultures were observed for cell growth. Cultures 
were trypsinized and passaged when sufficient colonies of epithelial growth 
were noted. Estrogen and progesterone receptor studies on the cultured cells as 
well as the primary tumor were performed by Nichols-Coming Institute using 
a radioactive binding assay. HER2/neu expression was determined by a quan- 
titative ELISA assay (Calgiochem, Cambridge, MA): Telomerase assay was 
performed by the telomeric repeat amplification protocol assay (10). For 
cytogenetic evaluation, cells were cultured on coverslips. Standard methods of 
harvesting and chromosome banding were used (11). The cell line was desig- 
nated HCC1937 (for Hamon Cancer Center). 

For establishment of a corresponding B-lymphoblastoid cell line, peripheral 
blood was centrifuged through Histopaque (Sigma Biochemicals, St. Louis, 
MO), washed in RPMI 1640, and resuspended in initiation medium consisting 
of RPMI 1640 with 15% fetal bovine serum, 25 mM HEPES, and 1 mM sodium 
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Fig. 1. Pedigree of the family from which the HCC1937 cell line was derived. The patient from which the tumor cell line is derived is indicated by the arrow. Germ-line DNA from 
the patient as well as the affected and one unaffected sister was heterozygous for the BRCA1 mutation, 5382insC. The patient's mother's DNA demonstrated only wild-type BRCA1. 
DNA from the patient's father was not available for analysis. 

pyruvate and 5 ml EBV-conditioned medium from an EBV-producing mar- 
moset cell line (12). Cultures were incubated at 37°C with 5% C02. Medium 
was changed approximately weekly. Cultures were observed daily for approx- 
imately 2 weeks, when loose aggregates of nonadherent lymphocytes began to 
proliferate rapidly. DNA from the tumor cell line HCC1937, the B-lympho- 
blastoid cell line, and unprocessed peripheral mononuclear blood cells was 
prepared using standard methods (13). 

Allelotyping. Using polymorphic dinucleotide and tetranucleotide micro- 
satellite repeat markers, patterns of allelic losses were studied at loci through- 
out the genome known to be commonly lost in breast cancer. DNA from the 
cell line HCC1937 was compared with DNA from the peripheral blood cells as 
well as the B-lymphoblastoid cell line. Primer sequences were obtained from 
the Genome Database, and PCR amplification and electrophoresis were per- 
formed as described previously (14). For allelotype analysis of the primary 
tumor, areas were microdissected as described previously (14). 

Mutation Analysis. SSCP3 analysis of genomic DNA was performed by a 
modification of the technique described by Orita et al. (15). Specific genes 
known to be involved in the pathogenesis of breast cancer were examined as 
possible secondary acquired changes in the cell line. Coding regions of exons 
5-11 of the TP53 gene, the entire open reading frame of CDKN2A, the PTEN 
gene, and the BRCA1 gene were analyzed (16-21). Primers were designed to 
amplify fragments 150-200 bp in length. Sequence analysis of DNA fragments 
demonstrating abnormal mobility on SSCP gels was performed by cloning 
amplified PCR fragments into pCMV5 vectors and sequencing using Seque- 
nase (United States Biochemical, Cleveland, OH) according to the manufac- 
turer's instructions. 35S-Labeled reactions were electrophoresed on 6% acryl- 
amide gels. A minimum of 8 clones was sequenced for each region of interest. 
Direct sequence analysis of the entire coding region of the BRCA2 gene was 
done by Myriad Genetics (Salt Lake City, UT). Mimatched primer pairs were 
designed at mutation sites as described in "Results." 

Southern blotting was performed to confirm the presence or absence of the 
PTEN coding sequence DNA in the tumor cell line as well as constitutional 
DNA. Genomic DNA was digested overnight with restriction enzymes EcoRI, 
Hindlll, Kpnl, BamHl, and Mbol. Digested DNA was blotted on Hybond 
(Amersham, Arlington Heights, IL) membranes according to directions pro- 

3 The abbreviations used are: SSCP, single-strand conformation polymorphism; LOH, 
loss of heterozygosity. 

vided by the manufacturer. DNA probes were prepared by amplification of the 
coding region(s) of exons 2-8 of the PTEN gene as described previously (22). 
Hybridization with 32P-labeled probe was carried out using standard tech- 
niques (13). 

Results 

Cell Line Establishment. A breast cancer cell line, designated 

HCC1937 (Hamon Cancer Center), was established from a grade HI 

infiltrating ductal primary breast tumor from a 24-year-old breast 

cancer patient with a germ-line BRCA1 mutation. On histological 

evaluation of the primary tumor, large vacuoles were observed in 

many of the cells suggestive of a secretory variant of infiltrating 

intraductal carcinoma (Refs. 23 and 24, Fig. 2a). The cultured tumor 

cells also contained similar vacuoles and demonstrated a striking 

resemblance to the primary tumor (Fig. 2b). The vacuoles failed to 

stain with periodic acid-Shiff (with and without diastase treatment), 

alcian blue, mucicarmine, or oil red O (not shown). These results 

indicate that the vacuoles lacked glycogen, mucins, or neutral fat. The 

appearance of these cells was similar to the cytological appearance of 

cells of secretory carcinoma (25). 

The cultured cells grew as an adherent monolayer. During growth 

phase they had the appearances of small to medium epithelioid cells 

with finely granular eosinophilic cytoplasm and nuclei demonstrating 

moderate atypia and occasional mitoses. However, at heavy cell 

density, a progressively increasing number of the larger vacuolated 

cells appeared. Approximately 11 months after initiation, it was 

apparent that a cell line had been established, as evidenced by con- 

tinuous growth even after recovery from cryopreservation. Immortal- 

ization was further demonstrated in that the cells have grown contin- 

uously for over 30 months, have undergone multiple passages, and 

have demonstrated telomerase activity (data not shown). 

Progesterone and estrogen receptor radiobinding assays demon- 

strated no significant levels of progesterone or estrogen binding in 
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Fig. 2. Morphology of the breast cancer primary 
tumor and cell line, H&E stain, a, the primary breast 
carcinoma from which HCC1937 was derived, b, 
HCC1937 tumor cell line, cytospin preparation. Giant 
vacuolated mono- and dinucleated cells are present in 
both the tumor and cell line. The nonvacuolated cul- 
tured cells are medium sized and epithelioid. 

either the primary tumor or HCC1937 cultured cells. Only very low 
levels of HER2/neu expression were observed. 

Molecular Analysis. SSCP analysis of BRCAl revealed an abnor- 
mality in exon 20 in both DNA derived from peripheral blood as well 
as the cultured cells (Fig. 3). DNA from cells derived from peripheral 
blood revealed a normal pattern as well as an extra band, whereas 
SSCP analysis of the tumor cell line revealed an absence of a normal 
band present in the peripheral blood DNA. The extra abnormal band 
was also observed in DNA from each of the patient's triplet sisters, 
but not in the mother. The father's DNA was not available for 
analysis. Sequence analysis of the PCR product amplified from exon 
20 from cell line DNA revealed an inserted C residue at nucleotide 
5382. All cloned sequences obtained from HCC1937 DNA contained 
this mutation. No wild-type sequences were observed. Sequence anal- 
ysis of microdissected archival tumor tissue also revealed the presence 
of the 5382insC mutation and lack of normal wild-type BRCAl 
sequence. To provide an alternative rapid method of detecting this 
mutation without the use of radioactivity, mismatched primers flank- 
ing the 53282insC mutation were designed, which resulted in an 
amplicon of 131 and 132 bp in the wild and mutant type alleles, 
respectively. The primer sequences are as follows: sense, 5'- 
CAAAGCGAGCAAGAGAATTCC-3'; and antisense, 5'-GTAATA- 
AGTCTTACAAAATGAAG-3'. The mismatched base in the sense 
sequence is underlined. The mismatched primer abolishes a restriction 
site (CCNNGG) in the wild-type allele, but not the mutant allele, for 
the enzyme BsaJI (New England Biolabs, Beverly, MA; Fig. 3). The 
coding sequence of the BRCA2 gene demonstrated no abnormality. 

Single-strand conformation analysis of the TP53 gene revealed an 
abnormal band in exon 8. Sequence analysis revealed a substitution of 
a C for a T nucleotide, resulting in a termination codon at position 
306. This change was not present in the germ-line DNA and thus was 
acquired. The TP53 mutation was also confirmed by sequencing of 
DNA from the microdissected primary tumor tissue. Primers were 

designed for rapid detection of this mutation as follows: sense, 
5'-AGGACCTGATTTCCTTACTGC-3'; and antisense, 5'-TGCAC- 
CCTTGGTCTCCTCCAC-3'. These primers result in an amplicon of 
234 bp. The TP53 gene mutation at codon 306 creates a restriction site 
(CACNNNGTG) for the restriction enzyme DraLTI at nucleotides 
909-917. The mutant type sequence is cut by Drain, resulting in two 
fragments of 184 and 50 bp in length (Fig. 4). 

Single-strand conformation analysis of the CDKN2A gene revealed 
no abnormality. DNA from HCC1937 repeatedly failed to amplify 
with primers designed to amplify exons 1-8 of the PTEN gene, 
suggesting the presence of a homozygous deletion, but did amplify 
exon 9 of this gene. To confirm whether this observation represented 
a true deletion of the PTEN gene, Southern blotting was performed. A 
Southern blot of DNA from HCC1937, lymphocyte DNA from the 
patient, as well as DNA from other cell lines, were digested with 
Hindlll and hybridized with a 32P labeled PTEN coding sequence 
probe (20). An absence of bands corresponding to the PTEN coding 
sequence in HCC1937, with a normal pattern observed in the lym- 
phocyte DNA, was demonstrated (Fig. 5). Similar results were ob- 
tained when DNA was digested with EcoRI, Kpnl, BamRI, Xbal, and 
Mbol. The PTEN pseudo-gene, PTEN2 (22), localized to chromosome 
9, was seen in all DNAs and provided an internal control for the PTEN 
homozygous deletion. 

Allelotyping Data. Allelotyping results comparing HCC1937 and 
peripheral blood DNA at 51 informative and 10 uninformative mark- 
ers are summarized in Table 1. A LOH was observed in the majority 
of loci examined including chromosomal regions lp21, lp36, 3p21, 
5qll-5q22, 6ql3, 6p21.3, 8p21, 9p21, 10q23-4, 13ql2.2-13, 
17pl3.1, and 17q21, whereas retention of heterozygosity was ob- 
served at 3p25, 3q26, 4q33-35, 5pl5, 7q31, 8qll.2, 9pl2-13, 9q21- 
33, llpl5.5, 13ql4, and 19pl2-3. Using comparisons of the mother's 
DNA, the parental origin of allele loss could be determined at most 
loci. Both paternal and maternal allele loss was observed. No acquired 
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Fig. 3. Molecular analysis of BRCAl. Single-strand conformation analysis (left) revealed an aberrant band in lymphocyte DNA from the patient (BC260-002) and each of her two 
sisters analyzed (BC260-001 and BC260-000). The tumor cell line demonstrated the mutant band as well as the absence of a wild-type band observed in the constitutional DNA. 
Sequence analysis (middle) revealed an inserted C residue at position 5382. No wild-type sequence at position 5382 was detected in any of the clones analyzed from HCC1937-amplified 
DNA. Designed restriction fragment length polymorphism analysis using mismatched repair primers as described in "Results" is demonstrated at right. Both uncut (131) and cut (122) 
fragments are detected in the B-lymphoblastoid cell line (BL), whereas in the HCC1937 tumor cell line (CL), only the cut fragment (122 bp) is observed. SM, size marker, 100-bp ladder. 
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Fig. 4. Molecular analysis of TP53. Single- 
strand conformation analysis of the TP53 gene re- 
vealed an abnormality in exon 8. Sequence analysis 
demonstrated a point mutation leading to a termi- 
nation at codon 306. This mutation is also demon- 
strated by designed restriction fragment length 
polymorphism method as described in the text. 
DNA from the lymphoblastoid cell line (BL) con- 
tained only the wild-type allele, demonstrated by 
the uncut fragment (234 bp), whereas the cell line 
HCC1937 (CL) demonstrated only the mutant al- 
lele, demonstrated by the cut fragment (184 bp). 
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extraneous bands suggestive of microsatellite instability were noted at 
any of the loci examined. At selected loci, allelotyping of microdis- 
sected archival material was also performed with results identical to 
the cell line DNA in all loci examined (Table 1). Not all loci examined 
in the tumor cell line were examined in microdissected archival tissue 
because of limited archival material. 

Cytogenetics. Cytogenetic analysis revealed an extremely com- 
plex abnormal karyotype. Of 19 metaphases, no 2 revealed the exact 
same karyotype. An approximately equal number of metaphases were 
observed with modal numbers of 51-56 and 92-110 chromosomes, 
consistent with the evolution of a clone of cells with a near-tetraploid 
karyotype in addition to a clone of near-diploid cells. Double minute 
chromosomes were observed rarely in some passages. Numerous 
marker chromosomes were observed of unknown derivation. The 
complete composite karyotype of the two modal clones is shown as 
follows: 

51~56,add(X)(q26),-X,add(l)(q32),add(l)(q32),der(l;2)(ql0; 
pl0)ins(l;?)(q21;?),+2,der(2)t(2;5)(q31;ql3),der(2)del(2)(pll.2)t(2; 
5)(q31;ql3),add(3)(pl3),dup(3)(q21q27),der(4;8)(pl0;ql0)t(l;8)(p22; 
q24.3),der(4)t(4;4)(pl6;ql2),i(5)(pl0),+7,add(7)(pll.2),der(7)t(7;7)(qll.2; 
pl3),add(8)(pll.2),-10,add(ll)(pll.2),der(ll)t(ll;18)(pll.2;ql2.2) 
del(ll)(q23),der(13)t(5;13)(q22;q22),dup(13)(ql4q32),-14,add(15) 
(q24),del(15)(q22q24), + 16,add(16)(pll.2)X2, + inv(16)(pl3.1q22) 
X2,der(18)dup(18)(qll.2q21)t(l;18)(q21;q21),add(19)(pl3.1),-21, 
+marl,+mar2,+6~9mar[cp8 cells]/ 

93~110<4n>,-X,-X,add(X)(q26)X2,add(l)(q32),der(l;2)(ql0; 
pl0)ins(l;?)(q21;?),der(2)t(2;5)(q31;ql3),der(2)del(2)(pll.2)t(2;5) 
(q31;ql3),add(3)(pl3)X2,-4,-4,der(4;8)(pl0;ql0)t(l;8)(p22;q24.3) 
X2,i(5)(pl0)X2,-6,-6,add(7)(pll.2)X2,der(7)t(7;7)(qll.2;pl3)X2, 
+ 8,add(8)(pll.2)x3,-10,-10,+ ll, + ll,add(ll)(pll.2)X2, 

der(l l)t(l l;18)(pl 1.2;ql2.2),del(l l)(q23)X2,-12,- 12,dup(13) 
(ql4q32)X2,-14,-14,add(15)(q24)X2,del(15)(q22q24)x2,add(16) 
(pll.2)X2,inv(16)(pl3.1q22)X2,-18,-18,der(18)dup(18)(qll.2q21) 
t(l;18)(q21;q21),-19,add(19)(pl3.1)X2,-21,+marlX2,+mar2, 
+mar3X2,+mar4,+mar5,+ 10~12mar[cpll cells] 

Discussion 

In this study, we report the establishment and characterization of 
breast carcinoma cell line HCC1937, derived from a germ-line 
BRCA1 mutation carrier. Histologically, the tumor is characterized as 
an invasive ductal carcinoma with features of secretory carcinoma. 
Like many of the mutant B.KCA7-associated tumors described to date, 
the tumor and the corresponding cell line lacked estrogen or proges- 
terone receptors (4, 26, 27). Like the majority of disease-associated 
BRCA1 mutations, the mutation present in this breast cancer cell line 
causes a truncated protein product. The inserted C at nucleotide 5382 
results in erroneous translation of the protein distal to codon 1755 and 
termination at codon 1829, whereas wild-type BRCA1 consists of 
1863 amino acids. Evidence suggests that the COOH terminus of 
BRCA1 is essential for function in that patients with a germ-line 
truncating mutation at codon 1853 are susceptible to early-onset 
breast cancer, and in vitro studies demonstrate that the COOH termi- 
nus of BRCA1 is active in transcriptional activation (6, 20). This 
particular BRCA1 mutation has been observed in multiple families and 
is the second most common BRCA1 mutation reported (28). 

Although several series of breast carcinoma cell lines have been 
reported, no previously established cell line is known to be associated 
with mutation of BRCA1. Yuan et al. (29) reported an ovarian cancer 
cell line that carries a mutation of BRCA1, causing a truncation at the 
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Fig. 5. Southern blot demonstrating absence of the 
PTEN coding sequence in HCC1937. DNA was 
digested with ffindlli (left) or Xbal (right). The 
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cDNA and contains exons 2-9 (22). Absent bands 
were observed in the lane containing HCC1937 
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Table 1 Allelotyping of HCC1937 cell line DNA and corresponding primary tumor 

Allelotyping results 

Chromosomal Primary Parental source 
band Locus" tumor Cell line of loss 

lp36 D1S1597 LOH ND* 
lp21 AMY2B LOH Paternal 
3p21-31 D3S1029 LOH Paternal 
3pl4 D3S1766 LOH LOH Paternal 
3p21 D3S1477 LOH LOH Paternal 
3p21 ITIH LOH LOH Paternal 
3p24.2-p22 D3S1537 LOH Paternal 
3p25 D3S1531 RH 
3p25 D3S1537 RH 
3q26.1-q26.3 GLUT2 RH 
4q D4S266 RH 
4q33-35 mfd22 RH 
5pl5-I5.1 mfd88 RH 
5pl5.1-15.2 D5S406 RH 
5pl5.3-pl5.1 D5S117 RH 
5q22-q32 1L9 LOH ND 
5q21-q22 APC LOH LOH Paternal 
5qll.2-ql3 mfd.27 LOH Paternal 
5q33 mfdl54 LOH Paternal 
5ql3-ql4 CRTL LOH Paternal 
5cen-5qll.2 D5S76 LOH ND 
6p21.3 TAP1 LOH LOH Paternal 
6ql3 D6S280 LOH LOH Paternal 
7q31.1-q31.2 D7S522 RH 
7q31 WNT2 RH 
8qll.2-ql2 D8S285 RH 
8p21-22 D8S602 LOH LOH Paternal 
8p21-22 D8S254 LOH LOH Paternal 
9p21 IFNA LOH LOH Maternal 
9p21 D9S1748 LOH ND 
9p21 D9S17I LOH Maternal 
9p21 IFNA2 LOH ND 
9p21 D9S1747 LOH Maternal 
9pl3 PAL127 RH 
9pl2 1F6 RH 
9q22.3-q31 9S58 RH 
9q21.1-ql3 9S146 RH 
9q31 9S109 RH 
9q22 9S196 RH 
10q23-q24 D10S185 LOH LOH Paternal 
llpl5.5 TH3.1 RH 
llpl5.5 IGF2 RH 
llq INT-2 NI NI 
llq PYGM RH RH 
13ql2.3-ql3 D13S267 LOH Maternal 
13ql2.3-ql3 D13S171 LOH ND 
13ql4 RB RH RH 
17pl3.1 TP53AAAAT LOH LOH Maternal 
17q21 D17S1322 LOH Maternal 
19pl2 D19S433 RH RH 
19pl3.2 D19S391 RH RH 

" Markers that were examined that were not informative included D1S116 (Ip31-p21), 
D3S1577 (3pl2), D3S1313 (3pl4), K1CA (3p21.3), RH01.2 (3q21-q24), mfdl22 (5q31- 
33.3), D8S137 (8pll-21), D6S300 (6ql3-14), D9S126 (9p22), and D19S253 (19pl3.1). 

* ND, not determinable; RH, retention of heterozygosity; NI, not informative. 

COOH-terminal portion of the protein. It is not known whether this 
BRCA1 mutation is germ line, although it is quite possible that this 
line derived from a BRCA1 mutation carrier because of a separate 
report of the same germ-line mutation in a breast-ovarian cancer 
family (30) and because sporadic mutations in ovarian cancer are rare 
(8, 31). 

The cell line HCC1937 demonstrated a considerable degree of 
aneuploidy as demonstrated by multiple karyotypic abnormalities, a 
high incidence of LOH at loci involved in breast cancer pathogenesis, 
and a high DNA index. Of 19 cell lines examined, this tumor dem- 
onstrated the highest incidence of LOH.4 At multiple loci, the corre- 
sponding archival tumor tissue was allelotyped as well, with identical 
findings of allele loss or retention at each locus examined. Marcus et 
al. (32) reported, in a series of hereditary breast cancers using archival 

A. Gazdar, unpublished data. 

tissue, that mutant fiRCAi-associated tumors demonstrate a consid- 
erably higher degree of aneuploidy than either sporadic breast cancers 
or non-ÄRCA./-related hereditary breast cancers. In addition to a large 
degree of chromosomal abnormalities, a specific number of other 
specific molecular changes known to be important in breast cancer 
pathogenesis were noted to exist in our cell line. The tumor cell line 
also acquired a TP53 mutation, not present in the germ line, with loss 
of the wild-type allele in the tumor. This tumor cell line also demon- 
strated a homozygous deletion of the PTEN gene, the underlying 
genetic defect in Cowden's syndrome. However, we were unable to 
detect any mutation, rearrangement, or deletion in the PTEN gene in 
germ-line DNA in this family. In addition, neither the proband nor any 
of her immediate family members demonstrated signs characteristic of 
Cowden's syndrome. 

The breast cancer risk associated with the BRCA1 5382insC muta- 
tion is —55% by age 70 according to one study (33). This risk 
increases with age, and although the risk at all ages is greater than that 
of noncarriers at all ages, the observed incidence of breast cancer in 
the early twenties as observed in this patient and her sibling suggests 
that other factor(s), either genetic or environmental, may have influ- 
enced the development of breast cancer in this family. The question 
arises as to whether an additional genetic predisposition factor is 
carried by this family. However, no additional germ-line mutations 
were found in BRCA2, PTEN, or TP53. In the rarely observed families 
in which more than one breast cancer predisposing germ-line mutation 
occurs in the same individual, the phenotypes are not markedly 
different with respect to age of onset or number of tumors (34, 35). 
Perhaps other yet unidentified genetic predisposition genes, genetic 
modifiers, or environmental factors contributed significantly to early 
onset of tumor development in this family. The fact that both the 
patient from whom the cell line derived, as well as her affected sister, 
had very early-onset breast cancers, and both previously bore children 
at an early age, suggests that in this family, early child-bearing was 
not a protective factor. This observation, along with the estrogen and 
progesterone receptor-negative status, suggests that factors other than 
hormonal stimulation had stimulated tumor development. 

Considerable controversy has existed over the localization of the 
BRCA1 protein in both normal and malignant tissue. One of the 
technical challenges in determining the cellular localization of 
BRCA1 is the specificity of antibodies for the BRCA1 protein. The 
establishment of a cell line that is null for any COOH-terminal 
BRCA1 should be useful in sorting out antibody specificity and 
cellular localization issues. In addition, studies comparing localization 
of BRCA1 in its mutant form compared with wild-type BRCA1 will 
be useful in elucidating the role of BRCA1. Likewise, transfection 
studies with wild-type BRCA1 have only been done with breast 
cancer cells that already contain wild-type BRCA1 (36). It will be of 
interest to see the effect on cell growth and tumorigenicity of replac- 
ing wild-type BRCA1 into the HCC1937 cell line. 

Although the tumor from which our cell line derives is distinctive 
in terms of its histology and very early age of onset, the acquired TP53 
mutation, the estrogen receptor/progesterone receptor negativity, and 
the marked aneuploidy observed may prove to be characteristic of 
BRCA1 -associated tumors. Thus, cell line HCC1937 may serve as a 
very useful reagent in studying breast cancer pathogenesis in BRCA1 
families. 
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Note Added in Proof 

The cell line HCC1937 has been deposited with the American Type Culture 

Collection. 
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Two large apparently unrelated African American families with a high incidence of breast cancer 
and other tumors characteristic of Li-Fraumeni breast sarcoma cancer family syndrome were stud' 
ied. Mutation screening revealed that in both families the affected members carried a germline 
mutation of the TP53 gene at codon 133 (ATG —> ACG, M133T). In order to determine whether 
an ancestral haplotype was shared by these two families, polymorphic markers within and flanking 
the TP53 gene were studied. Haplotype analysis using five markers revealed an identical haplo- 
type shared by the two families. Loss of heterozygosity at the TP53 locus in the probands' tumor 
tissues from each family was observed; in each case, the retained allele carried the common hap- 
lotype. The frequency of this haplotype in the general African American population is < 0.003. 
This unique haplotype, combined with the rare TP53 mutation, suggests that these African Ameri- 
can families share a common ancestry. This finding suggests that other African Americans may be 
carriers of this mutation and thus may be at risk of early-onset breast cancer or other cancers 
characteristic of the Li-Fraumeni breast sarcoma cancer family syndrome. The finding of recur- 
ring mutations in African Americans may facilitiate carrier screening and identification in this 
population. Hum Mutat 14:216-221, 1999.     © 1999 Wiley-Liss, Inc. 

KEYWORDS: TP53; breast cancer; Li-Fraumeni syndrome; haplotype analysis 

INTRODUCTION 

Germline TP53 (MIM# 191170) mutations in 
the general population are very rare; however, the 
presence of such a mutation confers an extremely 
high risk of developing cancers characteristic of 
Li-Fraumeni breast-sarcoma cancer family syn- 
drome (LFS;MIM# 151623) in affected individu- 
als [Malkin et al, 1990; Srivastava et al., 1990] 
Most mutations reported in families with Li- 
Fraumeni Syndrome have involved point muta- 
tions in conserved coding regions of the TP53 gene 
[reviewed in Birch et al, 1994] Although some 
mutations, particularly those in exon 7, have been 
reported in multiple families, most of the reported 
mutations have been unique. No haplotye infor- 
mation has been found to determine the origin of 
these mutations. 

METHODS 

Two apparently unrelated large African Ameri- 
can families were studied. No common surnames 
or cities or town of residence were shared among 
the two families. The first family BC54 was as- 
certained as part of a study of early onset and 
familial breast cancer. The second family SARC- 
36, was ascertained from a series of childhood 
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TABLE l. Polymorphic Markers at the TP53 Locus 
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N Marker Locus Heterozygosity Reference 

1 (CA)n TP53 locus 0.90 
2 (AAAAT)n Intron 1 0.80 
3 16-bp rpt Intron 3 0.28 
4 Mspl Intron 6 0.46 
5 (ATT)n TP53 3' 0.70 

Jones and Nakamura [1992] 
Futreal et al. [1991] 
Lazar et al. [1993] 
McDaniel et al. [1991] 
Evans et al. [1998] 

sarcoma patients. Our proband is a part of a pre- 
viously described Li-Fraumeni kindred, STS170, 
with a rare germline TP53 mutation at codon 133 
resulting in a methionine to threonine substitu- 
tion. [Law et al., 1991]. This M133T mutation 
was previously shown to segregate with the pres- 
ence of early-onset cancers in this kindred. The 
pedigrees of families BC54 and STS170/SARC36 
are shown in Figure 1. 

Single-strand conformation polymorphism 
(SSCP) analysis according to the method of Orita 
et al. [ 1989], as well as sequence analysis were used 
to analyze peripheral blood lymphocyte DNA from 
probands of each family. 

Haplotype analysis was performed on periph- 
eral blood lymphocyte DNA as well as micro- 
dissected tumor tissue using five polymorphic 
markers within or flanking the TP53 locus shown 
in the Table 1. These markers have been previ- 
ously described. [Evans et al., 1998; Futreal et al., 
1991; Jones et al, 1992; Lazar et al., 1993; 
McDaniel et al., 1991]. To determine allele fre- 
quency of these markers in the African American 
population, 27 unrelated African Americans were 
genotyped. Allele frequencies of the intron 3 
(ATT) n marker derived from the 54 chromosomes 
is shown in Table 2. Determination of allele fre- 
quencies of the other polymorphisms was similarly 
determined in African Americans; however, these 
were not significantly different from those previ- 
ously published. 

RESULTS 

SSCP analysis was performed on peripheral 
blood and tumor DNA from these two families and 
identical abnormalities were observed. Sequence 
analysis revealed that both families carried the 
same mutation at codon 133 (ATG —> ACG, 
M133T) (Fig. 2). 

Allelotype data demonstrated that the proband 
from the SARC36/STS170 family and two affected 
individuals from family BC54 were heterozygous 
for markers #1, #2, and #5 and family BC54 was 
heterozygous for marker #3. An allele shared be- 
tween both families was observed for each infor- 
mative marker. Tumor tissue in both cases 

demonstrated a loss of heterozygosity with reten- 
tion of the shared allele. Tumor retention of the 
common allele using the (AAAAT)n marker is 
shown in Figure 3. Allelotyping using the (ATT)n 

marker in seven family members of STS170 
(SARC36) is shown in Figure 4. 

The sizes and frequencies of the alleles shared 
among affected members of the two families are 
shown in Table 3. The frequencies of the disease- 
associated alleles of marker #1, 2, 3, and 5, were 
0.24 (CA)n, 0.23 (AAAAT)n, 0.86 (16-base pair 
[bp] repeat), and 0.07 (ATT)m respectively, in 
African Americans. The probability that this hap- 
lotype had occurred at random is 0.3% (0.24 X 0.23 
x 0.86x0.07 = 0.003). 

A total of 18 members of family STS170 and 
four members of BC54 were haplotyped. In family 
STS170, individuals 000, 501, 502, 104, 087, and 
063 carry both the M133T mutation as well as 
the disease-associated (ATT)n allele. Members 
503, 504, 505, 106, 107, 110, 085, and 086 dem- 
onstrated neither the mutation or the disease 
associated haplotype. Four other members dem- 
onstrated no mutation and carried the (ATT)n 

allele #1; however, complete haplotype analysis 
at all the markers described in this report was not 
done on these individuals. In family BC54, indi- 
viduals 000, 196, and 198 carry both the muta- 
tion and the common haplotype, while individual 
199 carried neither the mutation nor the associ- 
ated haplotype. 

TABLE 2. Allele Frequencies of TP53 3' (ATT)n Marker in 
African Americans 

Allele Size (bp) Frequency 

la 

2 
3 
4 
5 
6 
7 
8 
9 

10 

153 
150 
147 
144 
141 
138 
135 
132 
129 
126 

0.07 
0.15 
0.05 
0.05 
0.13 
0.15 
0.04 
0.02 
0.05 
0.27 

"Disease-associated allele in two kindreds described. 
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FIGURE 2. Mutation detection by single-strand conformation polymorphism (SSCP) and sequence analysis. At left is 
SSCP analysis of exon 5 of theTP53 gene of genomic lymphocyte DNA from affected members of BC54 (BC54-000 BL 
and BC54-198 BL) and lymphocyte and tumor DNA from SARC36-000 (SARC36-000 BL and SARC36-000 Tm). At 
right is sequence analysis of lymphocyte DNA demonstrating normal as well the T-> C substitution at codon 133. 

DISCUSSION 

Although it is unclear as to how common this 
mutation is in the general population, a similar 
haplotype expected to occur at random in 0.3% of 
the population in these two unrelated African 
American families together with the identical rare 
germline TP53 mutation suggests a founder chro- 
mosome affect. Because of the limited number of 
individuals with this mutation, it is not possible to 

STS170(SARC36) 
FIGURE 3.   Allelotyping of DNA from blood and tumor TP53 (ATT)     Allelotyping 
using the previously described (AAAAT)n polymorphism. " 
Allele sizes are indicated in base pairs. The 115-bp allele 
was common in all affected individuals in both families ^ Q4   <| Q6     107     110   085   086     087 
and was retained in a breast tumor from BRC54-000 and +._...+ 
a soft tissue sarcoma tumor specimen from SARC36. Both 
tumors demonstrated loss of other allele. Two different 
tumor areas from individual BC54-000 were analyzed. 
Lane marked BC54-000 Tml demonstrated complete al- 
lele loss, whereas lane marked BC54-000 Tm2 demon- 
strated small amount of retention of other allele, most 
likely due to contaminating normal tissue. 

FIGURE 1. Pedigrees of families studied. A: Pedigree of 
family BC54, ascertained through a hospital based se- 
ries of familial and early-onset breast cancer patients. B: 
Pedigree of family STS170/SARC36, ascertained through 
a proband with a childhood soft tissue sarcoma. Muta- 
tion carrier status is indicated by M133T and wild-type 
status indicated by wt. Numbers directly under symbols 
refer to unique identifiers of family members. Numbers 
preceeding diagnoses indicate age of onset. BC, breast 
cancer; Co, colon cancer; BT, brain tumor; Lu, lung; HD, 
Hodgkin's disease, STS, soft tissue sarcoma, Pr, pros- 
tate; Thy, thyroid, MM, multiple myeloma; Ov, ovarian; 
OS, osteosarcoma; Re, rectal cancer. 

FIGURE 4. Allelotyping of seven members of kindred 
STS170/SARC36 using the (ATT)n polymorphism. Lane 
numbers indicate individual identifiers as shown in pedi- 
gree in Figure 1. Mutation status at codon 133 is shown by 
a + sign, indicating the presence of the M133T mutation 
or a - sign, indicating no mutation. Arrow, presence of al- 
lele #1, associated with the presence of the mutation. This 
was the largest of the alleles observed in any affected or 
unaffected individuals studied; it has a size of 153 bp. 
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TABLE 3. Features of Mutation-Associated Haplotype 

Mutation-associated       Population 
Marker     Marker haplotype size frequency 
no. type or identification of allele 

1 (CA)n 113 0.24 
•I (AAAAT)n 115 0.23 
3 16-bp rpt Al 0.86 
5 (ATT)n 153 0.07 

determine how many generations ago the muta- 
tion occurred as is possible with other common 
germlinemutations [Neuhausen et al., 1996], how- 
ever; on the basis of pedigree analysis, it is evident 
that this mutation occurred at least five genera- 
tions ago. The occurrence of this common haplo- 
type also suggests that other African Americans 
may carry this germline mutation and thus may be 
at very high risk of breast and other cancers char- 
acteristic of the Li-Fraumeni syndrome. 

To date, no founder effects have been docu- 
mented in the TP53 gene; however, founder ef- 
fects have been studied in the other breast cancer 
predisposition genes, BRCAl and BRCA2. Spe- 
cific founder effects in the Ashkenazi Jewish popu- 
lation and French Canadians have greatly 
facilitated carrier identification and genetic coun- 
seling [Neuhausen et al, 1996; Simard et al, 1994; 
Struewing et al., 1995; Tonin et al., 1998], Other 
recurring mutations with common haplotypes of 
BRCAl or BRCA2, or both, have also been re- 
ported in Icelandic, British, Austrian, Dutch, Bel- 
gian, Russian, and Hungarian populations 
[Hakansson et al., 1997; Johannesdottir et al., 
1996; Johannsson et al, 1996; Peelen et al, 1997; 
Ramus et al, 1997]. No definitive recurring mu- 
tations in the breast cancer genes BRCAl or 
BRCA2 with evidence of founder effects have been 
reported in African Americans; however, two 
BRCAl mutations have been reported as recur- 
ring in two distinct African American kindreds 
each [Gao et al, 1997]. The paucity of haplotype 
studies of African American breast cancer fami- 
lies may be because the African American popu- 
lation was a previously understudied population. 
Further studies of BRCAl and BRCA2 or TP53 
in African Americans may reveal additional com- 
mon recurring mutations in these genes. 

Thus, the mutation reported in this article is 
the first definitive founder mutation in a breast 
cancer gene in African Americans. It is also the 
first founder effect to be documented in a Li- 
Fraumeni family. Other mutations of the TP53 
gene are known to be recurring, particularly those 
in exon 7; however, it is unclear whether these 

represent mutations inherited from a common 
ancestor, or represent distinct mutational events 
in key residues involved in TP53 function. 

Further studies will be needed to determine the 
frequency of the M133T mutation among Afri- 
can Americans with early-onset breast cancer or 
other features of Li-Fraumeni syndrome and in 
addition whether other recurring breast cancer 
predisposing mutations occur unique to African 
Americans. In addition, the identification of mul- 
tiple kindreds with identical mutations will per- 
mit the study of effects of environment, life style 
and other modifier genes on disease pcnetrance 
and spectrum of tumor types associated with iden- 
tical genetic lesions. 
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Two Identical Triplet Sisters Carrying a Germline 
BRCAI Gene Mutation Acquire Very Similar Breast 
Cancer Somatic Mutations at Multiple Other 
Sites Throughout the Genome 
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Monoiygotic twins, each of whom has breast cancer, offer a natural study population for gene-environmental interactions as 

causation of cancer, because they are genetically identical. If heritable factors play a large role in the origin of a neoplasm, 

disease concordance should be significant in monozygotic twins. Two monozygotic triplet sisters carrying a germline BRCAI 

gene mutation (5382insC) who both developed breast cancer at early ages were studied for loss of heterozygosity (LOH) in 

their microdissected, paraffin-embedded tumors along with control blood and stromal breast tissue at 19 chromosomal arms 

using 161 microsaiellite markers. Microdissected areas of normal lobular and ductal epithelium and ductal in situ carcinoma 

were also studied for LOH using a subset of microsatellite markers. The mother's DNA (extracted from peripheral blood 

lymphocytes) was analyzed to determine the parental allele under LOH in each case. Both tumors demonstrated similar 

histologic features suggestive of a secretory variant of ductal carcinoma. The tumors from both sisters had similar overall LOH 

frequency expressed by the fractional allelic loss (FAL) indices (0.S6 vs. 0.60) and demonstrated concordance for loss or 

retention at 82 of 97 informative markers (85% correlation). In addition, detailed mapping analysis of several chromosomal 

arms revealed chat identical breakpoints were detected in both tumors at several chromosome regions. Finally, in both sisters' 

tumors, when a chromosome exhibited allelic loss, all of the markers exhibited LOH of the same parental allele even when 

there were intervening regions of retention of heterozygosity. In contrast, 17 archival sporadic breast carcinomas demon- 

strated a wide range of FAL indexes and highly individual patterns of LOH. Our findings support the hypothesis that inherited 

factors play a role in the development of the multiple somatic deletions occurring in breast carcinomas. Whether one of these 

factors is the mutant BRCAI allele or some other gene(s) remains to be determined. Genes Chromosomes Career 28:357-369, 

2000.       t) 2000 Wiley-Liss, Inc. 

INTRODUCTION 

Family history, suggesting an inherited compo- 
nent in the development of some breast cancers, is 
one of the strongest known risk factors. It is esti- 
mated that 15% to 20% of women with breast 
cancer have a family history of the disease, and 
approximately 59c of all breast cancer is attribut- 
able to dominant susceptibility alleles (Slattery and 
Kcrber, 1993). Two major breast cancer suscepti- 
bility genes, BRCAI and BRCA2, have been iden- 
tified (Miki et al., 1994; Wooster et al., 1995; Tav- 
rigian et al., 1996). Breast cancer in families with 
germline mutations in these genes appears as an 
autosomal dominant trait, with high penetrance. 
However, in both sporadic and familial breast can- 

cers, multiple other genetic changes also occur 
(Couch and Weber, 1998). Breast cancer pathogen- 
esis is characterized by multiple molecular 
changes, including activation of oncogenes and loss 
of known and putative tumor suppressor genes 
(TSGs) (Couch and Weber, 1998). Loss of het- 
erozygosity (LOH) is a frequent marker of TSGs 
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because it is a common mechanism of inactivation 
of one allclc (Knudson, 1989). The most common 
regions of l.OH in breast cancer are located at 
chromosome regions3p,6t|, 8p, lip, 13q, 16q. 17p, 
17q. and 18q (Callahan et ah, 1993; Chen et ah, 
1994: Yaremko et ah, 1995). Recent analyses have 
demonstrated that allelic losses can be detected 
carlv during tumor patbogenesis (Lakhani et ah, 
1995; Radford et ah, 1995; Deng et ah, 1996; 
O'Connell et al., 1998). In fact, some studies sug- 
gest chat breast tumors occurring in BRCAI pa- 
cienrs have multiple genetic changes, but no com- 
mon pattern has emerged (Lakhani et ah, 1995; 
Radford et al., 1995; Deng et al., 1996; O'Connell 
et ah, 1998). Arc these secondary, albeit crucial, 
genetic changes determined only by exogenous 
(nonheredirary) factors or could their genesis also 
have an inherited basis? Mono/.ygotic twins offer 
an experiment of nature for study of the develop- 
ment of these acquired genetic changes in an iso- 
genic situation. If heritable factors play a major role 
in the origin of these acquired genetic lesions, 
concordance should he significant in mono/.ygotic 
twins. Studies of twins comparing maternal and 
fraternal twin pairs have been used for studies of 
breast cancer risks related to prenatal and genetic- 
factors (Ahlbom et ah, 1997; Swerdlow et at., 1997). 
In practice, such studies have already been limited 
bv the difficulty of identifying a large number of 
twins with cancer. For example, there is a relative 
risk of 35 for mono/.ygotic sisters of women with 
incidence of breast cancer at ages younger that 35 
years, indicating that mono/.ygotic twins of young 
cases constitute an extraordinarily high-risk group 
(Swerdlow et al., 1997). However, to the best of our 
knowledge, acquired genetic abnormalities present 
in breast carcinomas arising in mono/.ygotic twins 

have not been studied. 
Thus, when we were presented with an unusual 

opportunity to study breast cancers arising in two of 
triplet sisters who were genetically identical, both 
of whom carried a germline BRCAI mutation, we 
were interested in comparing the associated ge- 
netic changes in each breast cancer. To do this, wc 
studied the patterns of l.OH present in microdis- 
sected breast tumors using 161 microsateilite mark- 
ers spanning 19 chromosomal arms, and we com- 
pared them with those present in 17 sporadic breast 
carcinomas. We were also able to investigate mech- 
anisms associated with allelic loss by determining 
the parental origin of the alleles under LOH. We 
have found a remarkable concordance between ac- 
quired generic changes arising in these two breast 
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cancers. We also found specificity of the parental 

jillele that exhibited LOH. 

MATERIALS AND METHODS 

Patients' Material 
Patients A and B were two of three identical 

triplet sisters carrying a germline BRCAI gene mu- 
tation (5382insC) who developed invasive breast 
carcinoma at early ages. The family is Caucasian 
und not of known Ashkcna/.i Jewish descent. A 
pedigree of the family has been published previ- 
ously (Gazdar et al., 1998; Tomlinson et al., 19J8). 
Patient A was a 24-year-old woman with a non- 
mctastatic   infiltrating  ductal   carcinoma   ot   the 
breast. She had had one child previously at t^ aRC 
of n vcars. A breast cancer cell line (HCC1 h7) 
hnnmzvpoiis for the BRCA15382insC mutation was   ' 
established from this patient's primary «« 
previously reported (Tomlinson et ah, 1 ))h). I a- 
ticnt B. one of her identical sisters, had developed 
breast cancer the previous year at the age of 23. 
The third identical sister had bilateral prophylactic 
mastectomies at age 24. The triplets were raised 
together, and there was no known shared exposure 
to carcinogens. The patients' mother was reported 
to have had cancer of the uterine cervix at the age 
of 22, but not breast cancer. Both maternal grand- 
parents had died of colon cancer in their 60s. After 
informed consent for genetic studies was obtained, 
blood and tumor tissues were obtained from pa- 
tients A and B and blood from their mother. No 
adjuvant chemotherapy or radiation had been given 
prior to collecrion of tumor material. DNA from 
cells derived from peripheral blood from each of 
the triplet sisters demonstrated the same 5382ins(, 
RRCA1 gene mutation, but this mutation was not 
found in the mother. The father's DNA was not 
available for analysis but most probably he was a 
BRCM mutation carrier, although a dc novo germ- 
line mutation cannot be excluded. In any event, by 
using maternal .[DNA, we were able to speedy the 
parental allelic loss in the acquired genetic changes 
we found. To examine the likelihood that the pat- 
terns of LOH in both breast carcinomas from the 
triplet sisters (patients A and B) occurred by chance 
we studied a control group of 17 archival invasive 
breast carcinoma cases. The control group patients 
ranged in age from 24 to 82 years, although most 
(n = 11) were between the ages of 40 and 60 years. 
We recognize that an ideal control group would 
consist of other breast cancers arising in BRCA! 
mutant individuals but a large panel of these archi- 
val tumors was not readily available. 
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Microdissection and DNA Extraction 

Archival paraffin-embedded breast tuir.or tissues 
were obtained from triplet sisters A and D. Areas of 
normal dtictal and lobular epithclia, ductal in situ 
carcinoma (DCIS), and invasive carcinoma were 
identified und precisely microdissected from both 
eases under microscopic visualization. Areas of in- 
vasive carcinoma were also microdissected from die 
17 breast carcinoma eases used as control group. 
Microdissection and DNA extraction were per- 
formed from heiTuitoxylin-cosin-stained sections, 
as previously described (Hung ctal., 1995; Wistuba 
et aL 1998). Normal stromal breast cells or lym- 
phocytes from resected lymph nodes were used as 
a source of constitutional DNA- 

Immunohistochemica! Analyses 

limminottisioeheimcal analyses of both sisters' 
tumors were performed using primary mouse 
monoclonal antibodies for estrogen receptor (clone 
11)5. DAKO, Carpentaria, CA; dilution 1:20), pro- 
gesterone receptor (clone 1A6, Novocastra, Vector, 
Burlingame, CA; dilution 1:20), HKR2/neu (clone 
Cbll. cerb-2, Oncor, Gaithersburg, MD; dilution 
1:200). p16 (clone G175-505, PharMingen, San Di- 
ego. CA; dilution 1:500), Rfi (clone 3GH, OKI), .San 
Diego, CA; dilution 1:500), and p53 protein (clone 
DO/, DAKO; dilution 1:500) expression, lmmuno- 
staining was performed using a standard avidin- 
biniin immunnpemxidasc method, as previously 
described (Geradts et al., 199«). 

BRCAI and TPS3 Gene Mutation Analyses 

Microdissected primary breast tumor, DCIS, 
normal duct, and lobular epithclia from both triplet 
sisters (patients A and B) were analyzed for the 
presence of heterozygous or homozygous germ line 
HRCAI gene mutation, using a designed restriction 
fragment length polymorphism method as previ- 
ously described (Tomlinson et al., 1998). Briefly, 
mismatched primers flanking the 53b7iiisC muta- 
tion were designed, which resulted in an am pi icon 
of 131 and 132 bp in the wild and mutant type 
alteles, respectively. The mismatched primer abol- 
ishes a restriction site (CCNNGG) in the wild-type 
allele, which is not present in the mutant allele, for 
the enzyme BsaJI (New England Biolabs, Beverly, 
MA). Microdissected primary breast tumor, DCIS. 
normal duct, and lobular epithelia from both triplet 
sisters (patients A and B) were also examined for 
exons 5 to 8 TP53 gene mutations using single- 
strand conformation polymorphism (SSCP) analysis 
followed by sequencing, as previously described 

(Wistuba et al., 1997). The TP53 gene mutation 
detected in tumor tissue and the corresponding 
tumor cell line (HCC1937) obtained from sister A 
were analyzed in tumor tissue from sister B and 
stromal cells from both cases, using a designed 
restriction fragment length polymorphism method 
as previously described (Tomlinson et al., 1998). 
Briefly, primers flanking the TP53 mutation (codon 
31)6, CGA to TGA, Arg to Term) were designed, 
which resulted in an amplicon of 234 bp. The TP:>3 
gene mutation at codon 306 creates a restriction 
site (CACNNNGTG for the restriction enzyme 
DrnUl (New England Biolabs, Beverly, MA)) at 
nucleotides 909-917. The mutant type is cut, re- 
sulting in two fragments 1«4 and 50 bp in length. 

Polymorphic DNA Markers and PCR for Loss of 

Heterozygosity (LOH) Analysis 

To evaluate LOH, we used 161 primers flanking 
dinucleotide and multinucleotide microsatellite re- 
peat polymorphisms located at 19 chromosomal 
arms (n = 161 markers): lp (n = 5), 3p (n = 28), 4p 
(n = 4), 4q (n = 10), 5p (n = 3), 5q (n = 4), <Sp (n = 
4), ft[| (n = 17), Kp (n = 16), 9p (n = 3), 9q (n = 12), 
KJci (n - 10). 1U| (n - 12), 13q (n = 6), 16q (n = 
9). 17p (n - 2). 17(| (n ■= 4), 19p (n = 4), and 19q 
(u — «). The microsatellite nuirkeis utilized in each 
chromosomal arm are listed in Figure 1 (A and B). 
Primer sequences can be obtained from the (Je- 
rome Database, with the exception of the 3p.21.3 
polymorphic markers l.nai 2.1, I.urn 2.2, l.ura 4.1, 
Lur/iH.2, l.ura 19.!, and PI.5, all located in a 700-kb 
contig previously identified in our laboratory and 
previously published (Kondon et al.,  199«). For 
analysis of both triplet sisters' tumors, all 161 poly- 
morphic markers were used. A subset of markers 
(n = 77) spanning 11 chromosomal arms containing 
multiple regions frequently deleted in breast can- 
cer were used for analysis of the breast cancer 
control group. After microdissection and DNA ex- 
traction. 5 u,l of the protcinasc K-digested samples, 
containing DXA from at least 100 cells, were used 
for each multiplex PCR reaction as previously de- 
scribed (Wistuba et al., 1998). Nested PCR or two- 
round PCR (usin;; the same set of primers in two 
consecutive amplifications) methods were used as 
previously described (Wistuba et al., 1998). Multi- 
plex PCR was performed during the first amplifi- 
cation, followed by uniplex PCR for individual 
markers. For each case, constitutional heterozygos- 
ity was determined by examination of peripheral 
blood   lymphocytes  and   normal   stromal   tissue. 
LOH was scored by visual detection of complete 
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Figure I. {A and B) Detailed allelotyping analysis data of both triplet sisters' breast cancers TA. tumor 
A, and TB, tumor B, using I6l mlcrosatelllte markers located on 19 chromosomal arms, y, LOH at the 
lower atlele; g, LOH at the upper allele: [] , no LOH; [] , not informative (homozygous). P, paternal allelic 
loss; M, maternal allelic loss. Asterisk, parental allelic loss indeterminate (DNA from the mother was 
available for analysis, but not from the father). 
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Figure I.   (Continued.) 

absence of the one tumor allele in heterozygous 
(i.e., informative) cases. 

Data Analysis 

To compare the total frequencies of LOH be- 
tween   microdissected   tumor  tissues  obtained 

from both triplet sisters (patients A and ß) and 17 
sporadic invasive breast carcinomas, we utilized 
the fractional allelic loss (FAL) index. The FAL 
index was calculated as follows: (total number of 
loci with LOH)/(total number of informative 
loci). 
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Fiwre 2 tfo'oholozy of both triplet sisters' breast carcinomas (tumors a and b). Both tumors are 
invasive ductal cell carcinomas with features suggestive of a snrretory variant {mil wit}- vacuolated 
cytoplasm). ■    ' 

RESULTS 

Morphologic and Immunohistochemical Features 

of Breast Carcinomas 

Histologie evaluation of both triplet sisters' tu- 
mors (A and B) revealed similar, if not identical, 
features. Both tumors were pooriy differentiated 
ductal cell carcinomas (grude III) with areas in 
which large intracytoplasmic vacuoles were ob- 
served in many cells, suggestive of a secretory vari- 
ant of this tumor type (Fi?.. 2). The vacuoles failed 
to stain with periodic acid-Schiff (with and without 
diastase treatment), alcian blue, mucicarmine, or 
oil red O. These results indicate that the vacuoles 
lacked glycogen, mucins. or neutral fat. The ap- 
pearance of these cells was similar to the Cytologie 
appearance of cells of secretory carcinomas. A duc- 
tal carcinoma in situ component was detected in 
both sisters' tumors. In both cases, the pathologic 
diagnosis was in situ and invasive ductal carcinoma 
with features of secretory carcinoma. 

In addition, both sisters' breast carcinomas retained 
plu protein immunohistochemical expression, and 
immunostaining was negative for HER2\neu, proges- 
terone receptor (PR), and estrogen receptor (ER). 
Tumor A retained RB immunohistochemical expres- 
sion and immunostained negatively For p53 protein. 
Tumor B lost RB immunohistochemical expression 
and immunostained positively for pS3. 

BRCM and TP53 Gene Mutations 

Microdissected normal ductal and Iobular epithe- 
lia, DCIS, and invasive breast carcinoma obtained 
from both sisters' specimens were analyzed for the 

presence of homo/ygous or heterozygous' IWCM 
5382insC mutation, using a designed fragment re- 
striction length polymorphism method as previously 
described (Tomlinsnn et al., WK). Whereas normal 
epithelial samples adjacent to both sisters' tumors 
had hnrh wild-rype and mutant MCM alleles, DCIS 
and tumor samples demonstrated only the mutant 
allelc. Because of the HRCAI germline mutation at 
I7q21 on the paternal alleles, we expected to see 
LOH of the wild-type maternal allelc. Our findings 
are consistent with the presence of ullelie loss at the 
liRCM gene locus in DCIS and tumor samples but 
not in normal epithelium in both sisters' specimens 
(Fig. 3A). A somatic TP5.1 gene mutation in exon r! 
(C->T, resulting in a termination eodon at position 
306) and allelic loss at the TP5J gene locus «ere 
detected in the tumor of case A. at both DCIS and 

Figure 3. A: Agarose gel showing the designed restriction fragment 
length polymorphism analysis using mismatched primers and BsoJI di- 
gestion for the germline 8«OJ mutation (5382insC) in both twin 
sisters* normal breast stromal cells (S) and breast cancer specimens 
(tumors A and B). including invasive carcinoma (T). ductal carcinoma in 
situ (C). normat Iobular (NL), and ductal epimella (ND). NC. negative 
control DNA. SM, size marker, IDO-bp ladder. Both uncjt (wild-type, 
131 -bp size) and cut (mutant, 122-bp size) fragments are detected in tho 
normal stromal cells and normal epithelial Iobular and ductal cells in 
both cases. In both in situ and invasive carcinomas, only the cut 
fragment Is observed. B: Representative autoradlographs showing the 
allelotyplng analysis at chromosomes 9 (left), 6 (center), and 8 (right) of 
both triplet sisters' breast cancers (tumors A and B) and mothers 
DNA, illustrating Identical breakpoints. M, mother's DNA extracted 
from normal peripheral lymphocytes; S, stromal normal breast tissue; T. 
invasive breast carcinoma. Bars represent the main allete bands in the 
mother's DNA. Arrowheads indicate the main allete bands in the 
sisters' DNA. In chromosome 9. both sisters' tumors with LOH at the 
same maternal allels (markers D9SI71, D9S1198. and D9SI234). In 
chromosomes 6 (7PM, D6S280) and 3 (D8SI130, D8S401, NER). 
tumor A demonstrated allelic loss of the paternal allete, whereas tumor 
B shows LOH at the maternal allele. 
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Figure A. Agarosc gel showing the designed restriction fragment 
length polymorphism analysis using mismatched primers and DRAIII 
digestion for the stop codon TP53 gene mutation (codon 306, CGA to 
TGA, Arg to Term) detected in ductal carcinoma in situ (DCIS), invasive 
breast tumor IT), and corresponding tumor cell lines (HCXI937) from 
sister A. No mutation was detected in invasive breast tumor tissue 

A Wild Type (234 bp) 
< Mutant Type (184 bp) 

obtained form sister B and in normal breast stromal cells (S) from both 
cases. Both uncut (wild-type. 234-bp size) and cut (mutant, 184-bp size) 
fragments are detected In the corresponding tumor cell line 
(HCCI937). Negative control (NC) DNA. SM. size marker. ICO-bp 
ladder. 

imasive carcinoma stages (Fig. 4). No imitation at 
exons 5-8 of the TP53 gene was detected in the 

tumor of case B. 

Allelotyping Data 

Allelic loss analysis of both sisters' breast tumors 
(labeled tumors A and B in the figures) was per- 
formed usiny 161 polymorphic markers spanning 
multiple chromosomal regions frequently deleted 
in breast cancer at 19 chromosomal"arms. As ex- 
pected, identical patterns of allolc sizes were de- 
tectetl  in the normal samples (periphcral-blotxl 
lymphocytes and breast sifomal cells or lympho- 
cytes from resected lymph nodes)obtained from 
both sisters. Ninety-seven of 161 (60%) polymor- 
phic markers were informative (heterozygous) in 
the sisters' constitutional DNA. Using those 97 
informative markers, similar FAL indexes (0.56 vs. 
0.60), which arc expressions of the overall LOU 
freciucneics. were detected in both sisters' tumors. 
Of interest is that identical sites of allelic loss (n = 
52) and retention of heterozygosity (n = 30) were 
detected in 82 of the 97 markers (85% correlation). 
Discordance of allelic loss was detected in only 15 
markers, and the tumor from sister B had more 
deletions than did the tumor from sister A. 

Based on the data that strongly suggest that the 
allelic loss or retention patterns in the two sisters' 
tumors were not random, we then asked whether 
the breakpoints were similar in regions demonstrat- 
ing allelic loss where we had used several markers. 
Strikingly, detailed mapping analysis of several 
chromosomal arms revealed that identical break- 
points were detected in both sisters' tumors. Eight 
identical breakpoints were detected in both tumors 
at five chromosomal arms (6p, 6q, 8p, 9q, and 13q), 

and chromosomal arm 9CJ demonstrated identity at 
more than tine breakpoint (Figs. 1 and 3B). 

We compared the patterns of 1.011 in the two 
sisters' tumors to LOU in 17 sporadic breast can- 
cers, using 77 polymorphic markers. Whereas both 
sisters' tumors had identical FAL (0.63) for this 
marker subset, a wide range (0.13-0.89) of FAf. 
index was detected in the sporadic breast tumor 
group (daia nor shown). Likewise, the patterns of 
LOH were identical in both sisters' tumors; none 
of the 17 sporadic breast cancers hud a similar 
pattern of allelic lois (data not shown). 

BecauseOf limited material, DCIS foci adjacent 
to both sisters' tumor specimens were examined lor 
LOF! with a subset of polymorphic markers (n - 
113). Of these. 66 (58%) inicrosatcllite markers 
were informative (i.e., heterozygous). Identical pat- 
terns of LOl) were detected in the DCIS samples 
and their corresponding invasive tumors. As seen in 
the invasive carcinomas, similar overall frequencies 
and patterns of LOH were detected in DCIS le- 
sions obtained from both triplet sisters studied. 
Using the 77 informative markers examined in 
DCIS lesions, similar FAL indices (0.56 vs. 0.63), 
an expression of the overall LOU frequency, were 
detected in both sisters' noninvasive carcinomas. 
Identical sites of allelic loss (n = 38) and retention 
of hctcrozygosity (n = 21) were detected in 59 of 
the 66 markers i89£ correlation). Discordance of 
allelic loss was detected in only seven markers, and 
the DCIS specimens from sister B had more dele- 
tions than did the DCIS specimens from sister A. 

Parental Source of Allelic Loss 

The mother's DNA obtained from peripheral 
blood lymphocytes was available for allelotyping 
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analysis and was compared with the pattern of" 
alleles present in the normal and tumor samples 
obtained from each sister. From this analysis, we 
were able to identify the specific parental allelic 
loss in 95 comparisons in both tumors (tumor A, 45 
comparisons; tumor B. 50 comparisons). Strikingly, 
each tumor demonstrated LOH of ehe same paren- 
tal allcle in all microsatellite markers located in 
individual chromosomes (Fig. 1 A and B). How- 
ever, the specific parent whose alleles were under 
LOII in specific chromosomes was not always the 
same in each sister's tumor. Both tumors demon- 
strated allelic losses in common on 8 chromosomes. 
In four chromosomes, alleles of the same parent 
were under 1,011, whereas in four chromosomes 
the allelic losses were discordant. 

Tumor A showed LOH ar the paternal allcle in 
S nt' 13 Ui2%) of the chrombsomearrhs'havmg LOI 1 
in which we could establish the parental origin of 
the allelic loss. In contrast, tumor B demonstrated 
LOH at the maternal allcle in 13 of 14 (93%) of the 
chromosomal arms demonstrating LOH in which 
the parental origin of the allelic loss could be es- 
:ahiished. In die eases in which tumor A had LOI I 
..r the maternal allcle (chromosomal arms 9p. 9q. 
Lit;. 17p. and 17q). both sisters' tumors demon- 
strated LOU of the same parental allcle. In both 
sisters. LOH on chromosome 17 involved the ma- 
ternal allcle, which is consistent with a paternal 
origin or a de novo BRCAI mutation. The instances 
in which tumor B had LOU at the paternal allcle 
were four markers located at chromosome arm 5q. 

DISCUSSION 

There were two major finding of our study, 
l-'irst. there was a remarkable similarity of morpho- 
logic features and patterns of LOH, including sev- 
eral identical breakpoints, detected in both triplet 
sisters' tumors. Second, in each individual sister's 
tumor, the same parental allcle was tinder LOH at 
all the microsatellite markers in an individual chro- 
mosome, although there was discordance in the 
parental loss patterns between the sisters. 

On hisrolngic evaluation, both triplet sisters" in- 
vasive ductal carcinomas demonstrated features 
suggestive of a secretory variant of ductal carci- 
noma. Although secretory carcinoma is an early- 
age-onset type of breast cancer, occurring more 
frequently during the first 3 decades of life (Tavas- 
soli, 1992), this histologie type has not been asso- 
ciated with BRCAI or BRCA2 mutations (Marcus er 
al., 1994: Armes et al., 1998). Secretory breast car- 
cinoma is a very uncommon type of infiltrating 
breast cancer, representing less than 1% of the 

breast tumor types (Tavassoli, 1992). Thus, the fact 
that both sisters' tumors demonstrate histologie 
features suggestive of this uncommon tumor type 
is highly unusual. 

Although a good concordance between both sis- 
ters' tumors was detected for pl6, HERZfneii, PR, 
and ER immunostaining, discordance was detected 
between both tumors in RB and p53 immunohis- 
tochemical expression. TP53 mutation analysis of 
tumor A demonstrated a stop mutation consistent 
with the lack of p53 immunohistochemical overex- 
pression. Although no TP53 mutation at exons 5-8 
was detected in tumor B, the presence of p53 
immunostaining in this tumor suggests that a IP53 

alteration m;i\ be present. 
Breast cancer arising in mono/ygotic twins is an 

experiment of nature that can be used to address 
»several points related to the molecular profile ot 

hereditary hreasr cancer and the extent of inherited 
components in breast cancer, although shared ex- 
posure to other risk factors cannot be excluded. It 
heritable factors play a major role in the origin of a 
neoplasm, disease concordance in these individuals 
should  be significant. Similar overall  LOH fre- 
quencies and similar patterns of LOI 1 were de- 
tected between both triplet sisters' breast carcino- 
mas     and     their     accompanying     noninvasive 
carcinomas, suggesting that similar TSGs  have 
been targeted in both tumors. By contrast, the 17 
archival sporadic breast carcinomas demonstrated a 
wide range of allelic loss frequencies and different 
patterns of LOU. Our findings suggest rhat inher- 
ited components, potentially related to BRCAI 
gene inaetivation, may play an important role in the 
other somatic changes occurring in the pathogenc- 
sis of breast cancer. Several studies have suggested 
that breast tumors associated with inherited BRCAI 
gene mutations have a very specific tumor pheno- 
tvpe (Armes et al., 1998; Lakhani et al., 1998) and 
genotype (Tirkkonen et al., 1997; Smith ct al., 
1999), such  as distinct histopathologic features 
(Armes et al.. 1998: Lakhani et al., 1998), a differ- 
ent pattern of chromosomal alterations studied by 
comparative genomic hybridization (Tirkkonen et 
al., 1997). and a high frequency and unusual type of 
TPJti mutations (Smith et al., 1999). Our findings 
add supporting data to this concept. Accumulating 
data increasingly suggest that BRCA} plays a role in 
multiple cellular functions, including among others 
cell cycle regulation (Vaughn et al-, 1996; Larson et 
al., 1997; Xu et al.. 1999), DNA damage repair 
(Gowen et al., 1998; Chen el al.. 1999), centrosome 
duplication (Xu et al., 1999), and suppression of 
estrogen-dependent transcriptional pathways (Fan 
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et al., 1999). Some of those functions are consistent 
with a caretaker role for the BRCA1 gene in the 
pathway to neoplasia and may explain a specific 
pattern of cumulative mutations if the gene is in- 
activated. 

Detailed mapping analysis of several chromo- 
somal arms revealed that identical breakpoints 
were detected in both tumors at eight chromo- 
somal regions, involving five chromosomal arms. 
Although the mechanisms involved in the LOH 
phenomenon are unknown, it has been sug- 
gested that they may occur ai high frequency at 
fragile sites of the genome. Chromosomal fragile 
sites are specific loci that are especially suscep- 
tible to forming gaps, breaks, and rearrange- 
ments in mer.aphflse chromosomes when cells are 
cultured under conditions that inhibit DNA rep- 
lication. Alleles with fragile sites replicate kite in 
the cell cycle and are more susceptible to the 
development of breaks (Wang et al., 1999) that 
might predispose to chromosome rearrangements 
(Smith et al., 1998). It is tempting to speculate 
that the identical breakpoints detected in both 
sisters' breast carcinomas may be related to the 
presence of genetically programmed fragile sites, 
common to these triplet sisters. 'This theory is 
not applicable if parental allelic: loss is discor- 
dant. 

In each sister's tumor, the same parental allele 
was under LOU in all the informative miemsat- 
ellite markers in individual chromosomes. This 
phenomenon involved both arms of several chro- 
mosomes and occurred although several break- 
points were present in some chromosomal arms. 
According to the theory of Knudson (1989) for 
the inactivation of TSGs, one normal allele of a 
TSG is affected usually by mutation that is con- 
verted to a homo/ygous form by a second inde- 
pendent mutation frequently involving deletion. 
Our findings suggest thar the parental allelic loss 
in a particular chromosome region is not random, 
but is related to the parental allelic loss at other 
sites on the chromosome. This, of course, would 
not be surprising if the whole chromosome were 
lost by a process such as nondisjunction either 
with or without duplication of the mutant chro- 
mosome, resulting in hemizygosity or homozy- 
gosity at all loci in the chromosome. This phe- 
nomenon has been demonstrated to happen in 
chromosome 13 in cases of retinoblastoma (Cave- 
nee et al., 1983). However, in many cases, allelic 
losses involving the same parental allele at dis- 
continuous regions occurred even with retention 
of heterozygosity of intervening segments. Al- 

though the mechanism is unknown, it is tempt- 
ing to speculate that in a particular individual, a 
specific parental chromosome may be protected 
or susceptible (fragile) to be unstable at several 
sites and therefore retained or lost. The findings 
of parental allelic-specific losses associated with 
known TSGs affected by germline mutations or 
putative TSGs that underwent a parental im- 
printing phenomenon support this theory (Fein- 

berg, 1993). 
The allelic losses detected in each of the sis- 

ters' breast tumors at individual chromosomes 
appeared not to be random. Whereas the tumor 
from sister A had a tendency to lose the paternal 
allele. the tumor from sister H preferentially had 
LOH :ir the maternal allele. Although allelic 
losses of different parental alleles (either pater- 
nal or maternal) were detected in the majority of 
the chromosomes, there were some chromo- 
somes in which both sisters' cumors demon- 
strated LOH of the same parental allele, espe- 
cially maternal alleles (at chromosomal arms 9p, 
9q, lit], 13q, 17p, and 17t|). A genetic imprinting 
mechanism of maternal or paternal alleles could 
explain the preferential LOHs of the same pa- 
rental alleles at those chromosomes in both tu- 
mors. Silencing of one of the parental alleles of a 
regulatory gene, such as a TSG, by genomic 
imprinting has been suggested as a pivotal initial 
step in a cascade of events leading to malignancy 
(Classman et al., 19%). However, an alternative 
mechanism could be the presence of TSGs hav- 
ing a germline mutation in cither the paternal or 
maternal allele that may lead to deletion of the 
unaffected allele. In theory, any allelic loss 
should be replicated in the co-twin if related to a 
heritable mutation, i.e., the same allele should be 
under LOH in the tumor tissue of both twins. 
Maternal allelic loss in both sisters' tumors at 
chromosome arm I7q probably is explained be- 
cause the germline MRCA1 mutation is on the 

paternal allele. 
In summary, both sisters' breast carcinomas have 

somatically acquired genetically similar alterations, and 
the probability that this occurred by chance is remote. 
Our findings suggest that inherited factors may reg- 
ulate the multiple somatic deletions occurring in he- 
reditary breast carcinomas. The allelic loss phenom- 
enon involving one or more microsatellitc loci at 
individual chromosomes is not random and follows a 
parrern related to the parental atiele by which the 
precise mechanism need to be investigated. 



12/01/00  12:04 FAX 301 619 2745 MRMC-RMI 1012 

BRCAI MUTANT BREAST CANCER IN TWINS 369 

REFERENCES 

Ahlbnm A. l.;clitcnstcin P. Malmsttom 11, Feuhting M, liemminki 
K. I'cdersen NL. 1997. Cancer n twins: genetic am: nongenctie 
familial risk factors. .1 Nurl (Mincer last N9:2N7-295. 

Amies Jl".. Kgan AJ, Snurhi-y MC. nice OS. McCredic MR. Giles 
GG. Hopper JL, Venter DJ. 1998. The histologic phenotypes of 
breast carcinoma occurring before age 1(1 years in women with and 
wichout BRCAI or BRCA2 pcmiline mutations: a population- 
bascd study. Cancer N3:2335-234.'i. 

Callah.m R. Crnpp (I, Merlo GR, Dicllu !•'. Yencsio T, Lidereai: R. 
Cappa Al'. Lisicia D.S. 1993. Generic and molecular heterogeneity 
nf breast cancer cells. Cltr. Chim Aera 21 >":fi.i-73. 

Cavenee WK. Dryjj II'. I'hillips RA, Benedict WF. Gndhuur K. 
Gallic II. Miirpliree, Al.. Strong \X'., White Rl„ 19S3. repression 
cil recessive allelcs by chromosomal mechanisms in rcrinnhlas- 
tumii. Nature 3115:779-7«. 

Chen ,|J. Silver D. Cantor S, Livingston DM, Scully R. IM. 
BRCAI. BRCA2, and Rad5l operate in u common DNA damage 
response pathway. Cancer Res 5(J: 1752S—1 TrifxS. 

Chen I.C. MiitMirmiM K, Deng G, KiiriMi W. l.jiing 11M. Lcinau 
Ml. Waldiiinu 1-M, Stniili U.S. 199-4. Deletion of two scpunito 
regions mi chromosome 3p it: breast cancers. (jncer Re 54:31121- 
5024. 

Conch I-, Weber BL. I99N. Breast cancer. In: Vngclstcin 15. Kinder 
K\V. editors. The genetic basis of hnniar. cancer. New York;    t 

McGraw-Hill. p537-5(n. 
Deng G. I.ii V. Zlwnikiiv C. Thor Al). .Smith IIS. I<W. Loss nl" 

hcicriwvgosity in normal tissue adjacent rn breast carcinomas. 
Science ;74:.>()57-2(l59. 

Kan S. Wing J. Vi.an R. Ma Y. Men« Q. Frdo, MR. I'estell RG. Yaan 
I'. Atilmrn Kj. Goldberg ID. Rosen KM. 19')'). BRCAI inhibition 
of csringcii receptor signaling in transfectcd cells. Science 2«4: 
l.'>54-I.VW.. 

Feiiihcrg Al'. 1993. Gcnnn-ic imprinting and gene activation in 
cancer. Nut Genet 4:11(1-113. 

l-im.lnn JW.inl, Mclc CiM. Brc/.iiischck Rl.Cmiimings 1). I'amlc A. 
Wren J. O'Brien KM. Kupier KC. Wei Mil. l.erman M, Minna 
.11). Garnet 1 IK. I99H. Computerized polymorphic marker identi- 
fication: csperimenral validation and a predtrred hiimaii |**kn>nr- 
pliism catalog. Prnr Nod Acad Sei CSA 05:7514-7519. 

Ca/dar Al'. Kurcari V, Yirmuni A. Gollahon I.. Sukiguchi M. 
Wesrerrield M, Kodagndu D. Stnsnv V, Cunningham T. Wistuba 
II. T»mlinso:i G, Took V. Ashl'aq R. U-in.lt M. Minn:. Jl). Slm> 
JW. I99H. Chanicicriiuiinin of paiied timior and noil-tumor cell 
lines established from patie:us with breast cancer. Int J Cancer 
7.S:7tif i-774. 

ficradis ,1. Andriko JW. Abbondanzo SI,. I99.S. Loss i>{ rumor sup- 
pressor gene expression in high-grade hut not lim-grade non- 
MiidKkin\ lymphnmas. Am J Clin I'athol WIMM-U74. 

(iliissrosin MIi. lie (Iniot N. HoehbernA. 19%. Relaxation of im- 
primirj" in careinnKene.sis. Ginccr (Jrnet ( Vt<i/»cnei H9:h!)-7.<. 

(imrii l.C. Avriits&uya AV, l.aiour AM. Koller Uli, l.emloi SA. 
I'HiK. BRCAt retpiired for tninseriptitin eonpleil rcpaii of os-idn- 
tive DNA dnmuKC. Science 2SI:U)()9-I(I1J. 

llnnnJ. Kishimoto Y, Sugiii K. Virnisini A, Mclmirc Dl), Minna JD. 
(i:i/.ihu Al". l'W.i. Allele-speeilie cliromosmiie 3p deletions otvnr 
at an curb sta.ne in the palingenesis nf linn carcinoma. JAMA 
273:55.S-.=>V>3. 

Kniiitsnn A(i. IVK'A Hereditary faucets: clues to mechanisms of 
careinnuenesis. Br J (imecr 59:f>ftl-(>fi(">. 

I,akhaiii SR. Collins N. Stratton MR, .Shane Jl". I'W5. Atypical 
ductal hyperphisia of the breast: climal proliferation wich loss of 
hetcro/.V[/.usitv on chromosomes 1cu| and I7p. J Clin Pathol 4S: 
I.IUntS 

l.akhani SU. juctpiemier J, Sloane Jl\ (»nsterson BA. Anderson TJ. 
van de Vijvcr NIJ. l-arid liM, Venter I). Antoniou A, Storfer-lsser 
A. Smyth K, .Srecl CM. Ilaites N, Scou RJ. CioldKar D. Nen- 
lniosen S. Daly I'A, Ortniston VV. MeManus R. Sehemeek S, 
I'onder H.A. Foul D, Petti J, Sutppa-Lyonnci D. Kaston OF. et al. 
I99H. Mul[il'ae:orial analysis of differences between sporadic 
breast cancers and cancers involvinj; BRCiAl and BR(;.-\2 muta- 
tions. J Xatl Cancer Inst 90:1138-1145. 

I,arson JS. Tunkiiwon JL, l<ai M'l'. 1997. A BRCAI mutant alters 
G2-XI cell cycle control in human mammary epithelial cells. 
Cancer Res 57:3351-3355. 

Marcus JN. Watson P. I>aRc DC, Lynch HT. 1994. Parhrilogy and 
heredity of breast cancer in vrmnger women. Washington, DC: 
National Ciineer Institute, p 23-34. 

Miki Y, Swenscn J, Shnttuck-Eidens D, Futreal PA, Harshman K, 

Tavtij!ian S. Liu Q. flnehran C. Bennett I Al. Din« W. et cl. 1994. 
\ sfmng candidate for the breast and ovarian ci.neer susceptibility 
Konc BRCAI. Science 26&6Ä 71. 

O'Connell I>, 1'ekkcl V. Kuqua SA, Osbomc CK. CUark CM. Allred 
DC. 199K. Analysis of loss uf hetero/.yKOsiry in 399 pieiitali|;ii:iiit 
breast lesions at 15 genetic loci. J Natl Cancer lnsr 90:£>97-7<)3. 

Radford DM, Fair KL, Phillips NJ, Ritter JH, vSteinbtiieck T, Holt 
MS, Donis-Kelier II. 1995. Allelotyping nf ductal carcinoma in 
situ :if the breast: delctinn of loci on 8p, 13q. 16q, 17p and 17q. 
Csncer Res 55:3399-3405. 

Slatiery ML. Kcrber RA. 1993. A comprehensive evaluation of 
famiiv history and breast cancer risk: the Utah population dutä- 
base.JVMA ?. 70:1563-15 bK. 

Smith Dl, IlnaiiK 11, Wanf> I.. 199S. Ciommon fragile sites and 
cancer. Int J Oncol I2:1K7-I%. 

Smith I'D. Cro.ssh.nd S, Parker Ci. Osio I», Biooks L, Waller J, Philp 
K. C:n:mpti>n MR. (nisterson BA. Allday Mj, Crook T. 1999. 
Novel pS.3 mutants selected in liRCA-associated tumours which 
dissticiate translorniation suppression from other wild-type p53 
fiiiicrinns. Oncnjjenc IK:2451-2459. 

Swciillow A.|. IV- Stavola Bl.. Swanwick M.S. Maeomichic NE. 1997. 
Risks of breast anil testicular cancers in young adult twins in 
Kurland and Wales: evidence on prenatal anil genetic aetiolo^y. 
I.aiwet 35(1:172.5-172«. 

Tiivassoli FA. 1992. InliltratitiK carcinoma, special types. In: Pa- 
chohiey of the breast. Hast Ninualk: Appleton and LaiiKC. p 
3rH-.V«), 

Tavtigiiin S\', Siiv.ard J, Kommens J. Ceuch I''. Shattuek-Kideiis II, 
NculiJiiscn S, Merapcr S, Ihiirlacius S, Cffit K. Stoppa-Lyonriet 
I). Ilelanfier C. Bell K, Bern- S, Hogdcn R. Chen Q. Davis T, 
Diuniint M, l-'rve C, I lattier 'i', lammiilapati S. Janecki 'I', JiaiiK IV 
Keiner H. Leblane Jl'. (JulÜKar DK. et al. 199b. The complete 
BR( A2 /;ene aril mutations in chromosome 13t|-linked kindreds. 
Nat Genet 12:333-337. 

Tirkkoncn M. Jolumnsson O, AK:iars>on HA, Olsson II. liifjv.irsson 
S. Karhu R, Tanner M. Isola.(. Baikaidtittii KB. Borfc A. Kallinn- 
iemi OP. 1997. Distinct somatic genetic changes associated with 
rumor progression in carriers of BRCAI and BKCA2 nerni-line 
mutations. Cancer Res 57:1222-1227. 

Tnmlinsnn (JK, Chen 'IT, Siastuv VA, \irniani AK, Spillman MA. 
I'onk \', Blum Jl„ Schneider NK, Wistuba II. Shay JW. Minna 
Jl). (ia/dar Al". I99H. Characteri/arion of a breast cancer cell line 
derived from :i Rcrm-linc BRCAI mutation carrier. Cancer Re< 
3.S:3237-3242. 

Vane,hn IP, Davi.s PL. larhoe Ml). Hupet C, Ivvan.s AC, Wiseman 
UW. ikrehnek A, lKlehart JD, Finical PA. Maiks JR. 199o. 
BRCAI cNptessioit is indneeil before DNA synthesis in hoth 
normal and tumor-derived breast cells. Cell Cirowth DilTet 7:711- 
715. 

WaiiR I.. DarliiiK J, Zhanj! JS, lltnum II, Liu W. Smith Dl. 1999. 
Alele-specilie late replication and fragility of the most active 
common fragile site. FRA3B. Hum Mol f Jener H:431-437. 

Wistuba II. Montellano FD, MilchgrubS, Virmani AK, Behrens Ci 
Chen II, Alunsidtsin M, Nowak JA, Midler C, Minna JD, «a/.dar 
Al". 1*»7. Deletions of chromosome 3p are frequent and early 
events in the pathogenesis of incline ceivieal carcinoma. Cancer 
Res 57:3154-315«. 

Wistuba II. Behrens C, Milehgrub -S, Virmani AK, Jagirdar J, 
Thiimas 15, loacbim IIL, Lir/.ky LA, Bramhilla liM, Minna JD, 
(Jaztlar Al". 199K. Comparison of molecular changes in lung can- 
cers in I IIV-positive and 1IIV-indctetminatc subjects. JAMA 279: 
1554-1559. 

Wuoster R, liignell (i, Lancaster J, Swift S, Real S, Mangion J. 
Collins N, CrcRnn' S, Combs C, Micklem G, Barfoot R, I lamotidi 
R. Patel S, Rice C, Biggs P, Hnshim Y, Smith A, C!onnor F, Aruson 
A.'Ciidninndsson J, Ficcncc D, Kciscll D. Ford D, Tonin P, 
Bishop DT, Spun NK, Ponder BA. F.elcs R. Peto J, Dcvilce P, 
Cornelisse C, Lynch H, Narod S, Lcnoir G, Egilsson V, Barka- 
dottit RB, liaston DF, Bcnclcy DR, Futreal PA, Aslnvnrth A 
Stratton MR. 1995. Identification of the breast cancer susceptibil- 
ity gene BKCAZ. Nature 378:789-792. 

Xu X, Weaver Z, Linke SP, Li C, Gotay I. Wang XW. Harris CC. 
Ried T, Deng CX. 1999. Centrosomc amplification and a de- 
fective G2-M cell eyele checkpoint induce genetic instabil- 
ity in BRCAI cxnn It isoform-deficient cells. Mol Cell 3:389- 
395. 

Yaremko ML, Recant WM, Westbrook CA. 1995. Loss of hetcro/.y- 
gosicy from the shoit arm of chrcjmosoinc Ö is un early event in 
brcasi cancers. Genes Chromosomes Cancer 13:186-191. 


